Neural basis of functional fixedness during creative idea generation: An EEG study Anaëlle Camarda a Decades of problem solving and creativity research have converged to show that the ability to generate new and useful ideas can be blocked or impeded by intuitive biases leading to mental fixations. The present study aimed at investigating the neural bases of the processes involved in overcoming fixation effects during creative idea generation. Using the AU task adapted for EEG recording, we examined whether participant's ability to provide original ideas was related to alpha power changes in both the frontal and temporo-parietal regions. Critically, for half of the presented objects, the classical use of the object was primed orally, and a picture of the classical use was presented visually to increase functional fixedness (Fixation Priming condition). For the other half, only the name of the object and a picture of the object was provided to the participants (control condition). As expected, priming the classical use of an object before the generation of creative alternative uses of the object impeded participants' performances in terms of remoteness. In the control condition, while the frontal alpha synchronization was maintained across all successive time windows in participants with high remoteness scores, the frontal alpha synchronization decreased in participants with low remoteness scores. In the Fixation Priming condition, in which functional fixedness was maximal, both participants with high and low remoteness scores maintained frontal alpha synchronization throughout the period preceding their answer. Whereas participants with high remoteness scores maintained alpha synchronization in the temporo-parietal regions throughout the creative idea generation period, participants with low remoteness scores displayed alpha desynchronization in the same regions during this period. We speculate that individuals with high remoteness scores might generate more creative ideas than individuals with low remoteness scores because they rely more on internal semantic association and selection processes.
Neural basis of functional fixedness during creative idea generation
Decades of problem solving and creativity research have converged to show that the ability to generate new and useful ideas (Sternberg and Lubart, 1991) can be blocked or impeded by intuitive biases leading to mental fixation (Adamson, 1952; Agogué et al., 2014b Agogué et al., , 2014a Duncker and Lees, 1945) . Although fixation effects might often be useful during problem solving where creative thinking is not required, they will sometimes cue the classical paths of uncreative solutions that constrain the exploration of alternative original ideas (Adamson, 1952; Agogué et al., 2014b Agogué et al., , 2014a Cassotti et al., 2016; Duncker and Lees, 1945; Purcell and Gero, 1996; Smith et al., 1993; Ward, 1994) . Although several previous experimental studies and theories have argued that creative idea generation exclusively involves automatic processes such as incubation, defocused attention or mind-wandering (Martindale, 1999; Radel et al., 2015) , recent behavioral and neuroimaging findings have shown that the difficulty in generating creative ideas to a problem results from a failure to inhibit intuitive responses based on the activation of the most common and accessible knowledge within a specific task Cassotti et al., 2016; Kleibeuker et al., 2016) . Put bluntly, these studies suggest that to think outside of the box, one must first inhibit what is inside the box (Camarda et al., 2017; Cassotti et al., 2016; Storm and Angello, 2010) . Although considerable effort has been recently devoted to identifying the cognitive processes involved in creative thinking, to date, few studies have investigated the neurocognitive processes involved in overcoming fixation effects in creative ideation. The present study aimed at examining the neural bases of mental fixation and the processes that allow overcoming this bias to generate original solutions in a creative task using EEG recordings.
The seminal work of Duncker and Lees (1945) was the first to reveal that the ability to explore unusual solutions during problem solving can be constrained by the activation of the typical function of an object. This is typically the case in the candle problem (Duncker and Lees, 1945; Adamson, 1952; German and Defeyter, 2000; German and Barrett, 2005) in which participants are asked to fasten a candle on a door in such a way that it will burn without dripping wax onto the table below. To do so, they must use objects available to them, including a candle, a box of thumbtacks and matches. To solve the problem, participants must use the box in an unfamiliar way -i.e., as a platform for the candle (by attaching the box to the door using the thumbtacks). Duncker and Lees (1945) observed that participants were better at solving the task when the box was presented empty (control condition) than when it was full of thumbtacks, which primed the common use of the box. Thus, when participants are primed with the common function of the box, it impedes their ability to use the box in an atypical manner. These results suggest that priming the classical use of an object leads to functional fixedness, which in turn constrains the ability to find an original solution to the candle problem (Duncker and Lees, 1945; Adamson, 1952; German and Defeyter, 2000; German and Barrett, 2005) . A similar fixation effect on the most accessible and common knowledge has been reported when individuals have to generate ideas rather than solve a problem (Ward, 1994; Agogué et al., 2014a Agogué et al., , 2015 Purcell and Gero, 1996; Jansson and Smith, 1991) . For example, when they are asked to draw an animal that lives on another planet very different from Earth, participants tend to focus on the seminal characteristics of animals living on Earth, such as having a bilateral symmetry, sensory organs (e.g., eyes or ears), and body parts (e.g., legs or wings, Karmiloff-Smith, 1990; Smith et al., 1993; Ward, 1994; Kohn and Smith, 2011) . Taken together, these findings suggest that participants follow the "path of least resistance" to minimize the cognitive cost associated with the task by activating knowledge bases close to the generative concept. Thus, the mental fixation observed during creativity tasks might not reflect an inability to generate original solutions per se but rather a failure to inhibit intuitive solutions based on the spontaneous activation of common knowledge (Agogué et al., 2014a (Agogué et al., , 2015 Cassotti et al., 2016 , Camarda et al., 2017 . In line with this hypothesis, a growing number of studies have demonstrated that creative idea generation is related in part to inhibitory control (i.e., the ability to resist to impulses, prevalent thoughts, knowledge and behaviors, see Diamond, 2013) , as suggested by the positive correlations reported between inhibition measures and divergent thinking performance (Beaty et al., 2014; Benedek et al., 2012; Vartanian, 2009 ). For example, Benedek et al. (2014) examined the relations between creative performance (i.e., divergent thinking ability), fluid intelligence and three executive functions (i.e., inhibitory control, updating and shifting). The results revealed that updating (but not inhibitory control or shifting) predicted fluid intelligence. Critically, updating and inhibitory control (but not shifting) predicted creative idea generation, suggesting that specific executive functions are related to creative ideation. A recent study that used a dual-task approach to reduce participants' inhibitory control resources while performing a creative task provided additional evidence for the role of inhibitory control in creative idea generation (Camarda et al., 2017 ) -i.e., inhibitory control load decreased creative capabilities in terms of fluidity, flexibility and originality in this study. Taken together, these findings converge to show that inhibitory control is a core process that allows one to overcome fixation effects and generate original solutions in a creative task (Cassotti et al., 2016) . Consistent with this view, a recent neurocognitive model of creativity assumes that creative ideation involves dynamic interactions between the default and the executive control networks. More specifically, this model suggests that "the default network influences the generation of candidate ideas, but that the control network can constrain and direct this process to meet task-specific goals via top-down monitoring and executive control" (Beaty et al., 2016) .
The findings of electrophysiological studies also support the claim that high-level cognitive processes are required during ideation, as revealed by the relation observed between the variations in alpha power during EEG (electroencephalography) and ideation processes (Benedek et al., 2011 . Indeed, previous EEG studies revealed that an increase in alpha power (alpha synchronization) reflects the activation of top-down processes, while a decrease in alpha power (alpha desynchronization) reflects the activation of bottom-up processes (Pfurtscheller and Da Silva, 1999; Pfurtscheller et al., 1996 ; for a review, see also Klimesch et al., 2007) . For example, a high level of alpha power is observed when individuals have to keep information in memory (Sauseng et al., 2005) or when they have to focus their attention on internal processes rather than on external stimuli (Cooper et al., 2003; Sauseng et al., 2005; Von Stein and Sarnthein, 2000; Benedek et al., 2011) . To determine the role of top-down or bottom-up processes in creativity, a series of studies (Benedek et al., 2011 examined the variations in alpha power during the execution of creative tasks, including an emblematic divergent thinking task called the "Alternative Uses Task" (AU task, Guilford, 1967) . These studies used an adaptation of the AU task in which participants were asked to give alternative use of a common object (e.g., a brick) while the name of this object was displayed (low internal condition) or not (high internal condition) on a computer screen. The authors analyzed a period of 1 s preceding the participants' answers and observed an alpha desynchronization in the posterior regions of the brain when participants used bottom-up information (low internal condition) and an alpha synchronization in the bilateral prefrontal regions and right temporo-parietal regions when the task required them to maintain the name of the object in working memory (high internal condition). These results suggest the existence of a functional dynamic between prefrontal regions (typically involved in top-down processes such as inhibitory control) and right temporo-parietal regions (which are associated with high-level semantic processes) Benedek et al., 2011 Benedek et al., , 2014 Martindale and Hasenfus, 1978) . In addition, the bilateral prefrontal and the right temporo-parietal alpha synchronization was related to the originality of the ideas generated (Fink et al., 2006 (Fink et al., , 2009 . To better characterized how EEG recordings might reflect the different processes involved during a creative task, Schwab et al. (2014) asked their participants to generate an alternative solution every 10 s. By dividing this period into 3 different and consecutive time windows of analysis, they observed a decrease of alpha synchronization in the left hemisphere, while a U-shaped pattern was observed in the right hemisphere in the frontal and parietal regions. According to the authors, this alpha synchronization pattern revealed that the generation of creative ideas relies on 1) memory recall of common ideas, 2) internally directed attention-facilitating imaginative processes and 3) working memory involved in the search for different information within the semantic network. Moreover, this pattern was more pronounced in higher original ideas compare to less original ideas, indicating that ideas of high quality might involve the same neural mechanisms as lower quality ideas but in a more efficient manner. Although this study highlights the relevance of studying alpha power in different time windows preceding the generation of creative ideas, the extent of the time windows specified (10 s) might not allow for the identification of the cognitive processes supporting creative idea generation per se but more domain general processes such as the retention of information in memory or the choice between the different responses generated.
In the present study, we investigated the neural bases of the specific processes involved in overcoming a fixation during the generation of creative ideas by using smaller time windows of interest in EEG (200 ms). Participants performed under two conditions. Participants were asked to generate alternative solutions regarding the use of an object (as in a classical AU task, Benedek et al., 2011; Benedek et al., 2012; Guilford, 1967) while the name of the object was presented before the generation of the idea (Control condition) or while the name and the usual use of the object were presented before the generation of the idea (Fixation Priming condition). In line with findings from previous studies (Adamson, 1952; Duncker and Lees, 1945; German and Defeyter, 2000; German and Barrett, 2005) , priming the classical use of an object should increase the fixation effect and the cognitive cost related to overcoming this fixation effect (Cassotti et al., 2016) . Thus, we expected participants to generate more creative ideas in the Control than in the Fixation Priming condition. In addition, a fine-grained analysis of the alpha power temporal dynamics should allow us to study the neural basis of the specific processes involved in overcoming the fixation effect. We hypothesized that if executive control and semantic processes are the two key mechanisms allowing one to generate ideas outside of the fixation effect, as predicted by recent models of creativity (Beaty et al., 2016; Cassotti et al., 2016) , then we should observe a greater synchronization of the alpha power in frontal (typically involved in top-down processes such as inhibitory control) and temporoparietal (which are associated with high-level semantics processes) regions of the brain during the Fixation Priming condition than in the Control condition. Moreover, based on previous EEG studies (Schwab et al., 2014) , we expected to observe this pattern more strongly for participants with high creativity scores than for participants with low creativity scores. To further identify the nature of the processes allowing one to overcome the fixation effect, we asked participants to perform the Hayling Sentence Completion Test (Burgess and Shallice, 1996) , a test of semantic inhibition (Burgess and Shallice, 1996; Volle et al., 2012) . We reasoned that if semantic inhibition is required to overcome the fixation effect during creative idea generation, then the scores in the Hayling Sentence Completion Test should be correlated with the creativity of the ideas generated.
Method

Participants
Twenty-four healthy adults participated in this experiment. Three participants were excluded from data analyses due to excessive artifacts in the EEG signal. The final sample included 21 participants (11 females and 10 males, M = 20.33, SD = 2.18). All participants were righthanded. They had normal or corrected-to-normal vision. They indicated no history of psychiatric or neurological disorders or treatment that could have interfered with both the behavioral and neurophysiological measures. All participants provided written informed consent and were tested in accordance with national and international norms governing the use of human research participants.
Inhibitory control task
During the Hayling Sentence Completion Test (Burgess and Shallice, 1996) , participants had to complete 15 short sentences with the last word missing but easily found through the first part of the sentence. In one condition, they had to provide the correct answer (congruent condition) while in a second condition they had to provide a word completely unrelated to the sentence (incongruent condition). For example, for the sentence: "He sent the letter without a…", the participant would answer "stamp" in the congruent condition, while he could answer "cream" in the incongruent condition. Thus, in contrast with the congruent condition, in the incongruent condition, participants had to inhibit a strong automatic response (e.g., stamp) before generating an unrelated word (e.g., cream).
Reaction times (RTs) were recorded in seconds using a standard electronic stopwatch and corresponded to the time between the end of the sentence given by the experimenter and the answer of the participant. We converted answer given by participants into scaled scores based on the Pérez-Pérez et al. (2016) scoring system as follows: for the congruent conditions, answers were scored as correct (0 points) or incorrect (1 point); and for the incongruent conditions, answers were scored as answer congruent with the sentence (3 points), answer semantically related or opposite (1 point) or answer incongruent with the sentence (0 point) (Pérez-Pérez et al., 2016) . Consequently, lower RTs and scores reflect better semantic inhibition abilities. Then, an interference score (incongruent condition score -congruent condition score) and interference RT (incongruent condition RT -congruent condition RT) were calculated, allowing the measurement of the efficiency of inhibitory control.
Creative task
We used the AU task (Guilford, 1967) , which has already been successfully used in neuroimaging studies (Fink et al., 2006; Grabner et al., 2007) and allows the measurement of divergent thinking. In this task, everyday objects (e.g., "bike" or "umbrella") were presented visually on a screen (black and white drawings displayed on the screen) accompanied by the soundtrack of a female voice providing the name of the object (Control condition) or the name and the classical use of the object (Fixation Priming condition). Participants were instructed to generate a maximum original, unconventional ideas on how to use these objects in 2 min (i.e., idea generation phase). Fourteen objects were selected and presented to each participant. Participants completed the AU task under two experimental conditions: a Control condition (i.e., presentation of the name of the object before the generation phase; C C ); and a Fixation Priming condition (i.e., presentation of both the name and the classic use of the object before the generation phase; C FP ). In each experimental condition, participants were exposed to seven different objects. Two versions of the experiment were designed to counterbalance (i) the presentation of objects (i.e., 7 out of 14) in each condition and (ii) the order of presentation of these objects in each condition. For instance, the object "Hat" was presented in the control condition for half of the participants (i.e., the object was presented as "a hat"), and it was presented in the Fixation Priming condition for the other half of the participants (i.e., the object was presented as "a hat to protect a head").
As shown in Fig. 1 , the AU task started with the presentation of a fixation cross for a duration of 5 s (i.e., a baseline period). Then, the audio-visual presentation of the object for which participants had to generate original uses appeared on the screen until the participant pressed a button to notify that he / she got an idea. The participant was then prompted to provide his / her idea orally and then press a button. After the button press, the object (and the classical use in the Fixation Priming condition) reappeared on the screen. The object (and its classic use in the Fixation Priming condition) were presented in different formats: (i) the name of the object (as well as its classic use in the Fixation Priming condition) was displayed on the screen, (ii) a black and white drawing depicting the object (and its classic use in the Fixation Priming condition), and (iii) a female voice describing the object (and its classic use in the Fixation Priming condition). The stimuli were presented using E-Prime (Psychology Software Tools, Pittsburgh, PA) on a computer with a screen resolution of 1024 * 768 pixels (340 * 270 mm).
The performance of the participants on the AU task was quantified by means of a fluency score (i.e., the capacity to generate numerous solutions) and an originality score (i.e., the quality of the produced ideas; Fink et al., 2010) . We further added a new measure of the creative outputs, which is referred to as "remoteness " and reveals the distance from the given responses relative to the classic use of the object (i.e., the ability to generate ideas based on remote associations).
To measure fluency, we counted the number of solutions that were provided by the participants. When a participant proposed a solution that was a combination of different proposals, we counted each proposal as one solution.
To assess originality and remoteness, we applied an external rating procedure that was similar to the consensual assessment technique proposed by Amabile (1982) . More specifically, two independent raters were instructed to evaluate each idea on a five-point rating scale ranging from 1 (not original at all) to 5 (highly original) for the originality scores and from 1 (close to the classic use of the object) to 5 (far from the classic use of the object) for the remoteness scores. Originality and remoteness scores were assessed for each participant by averaging the ratings for all solutions. The raters were generally in agreement on their ratings on these originality and remoteness scores, as suggested by the satisfactory intraclass correlation coefficients (ICC) computed for each score (for originality: ICC = .77; for remoteness: ICC = .78). A correlation analysis between our different measures of creativity revealed that remoteness and originality scores are highly correlated (r (19) = .69, p < .001). Given that the remoteness and originality scores were highly correlated, we restricted the data analysis to the remoteness scores
Procedure
Participants first underwent a training phase. Three objects (different than those presented in the experiment) were presented, as in the experimental phase, to familiarize the participants with the procedure and, in particular, to getting used to pressing the button as soon as an idea came to mind while minimizing their movements during the task.
The experimental session took place in a Faraday cage that did not enable the experimenter to stay in the same room as the participant. However, a window allowed the experimenter to maintain visual contact with the participants and the participants to communicate with the experimenter if necessary. Participants were asked to complete the AU task by providing their responses orally. Note that the influence of social factors on creative idea generation was limited due to the Faraday cage (Amabile and Pillemer, 2012) . Each of the participants' responses were recorded. The room's brightness was reduced to allow the participants to focus on the task presented on the screen and thus reduced their eye movements towards the environment. The experimental session was split in two blocks with a pause in-between. Each block included the presentation of seven objects. In total, the duration of the experiment did not exceed one hour. Then, outside the Faraday cage, an experimenter asked participants to complete the Hayling Test, which required approximately ten minutes to complete.
EEG data recording and analysis
Electroencephalograms (EEG) were recorded from a 256-channel HydroCel Geodesic Sensor Net (Electrical Geodesics Inc., Eugene, Oregon, USA) containing electrodes imbedded in small sponges soaked in a potassium chloride saline solution. Continuous EEGs were acquired through a DC amplifier (Net Amps 300 1.0.1, EGI) and digitized at a sampling rate of 1000 Hz. A common reference at the vertex was used during acquisition, and electrode impedances were kept below 100 kΩ. Eye-blinks and eye-movements were monitored via pairs of channels included in the net and covering the face area. The processing steps described below were performed using EEGLab (Delorme and Makeig, 2004) .
Activity from all electrodes was re-referenced to the average. The signal was then down-sampled to 500 Hz. The raw EEG data were passed through a high-pass filter (.1 Hz), a low-pass filter (100 Hz) and a Notch filter (50 Hz) to avoid power line contaminations. Muscular artifacts and ocular artifacts were removed from continuous EEG data using Artifact Subspace Reconstruction (ASR, implemented in an EEGLab plugin, i.e., clean_rawdata -Mullen et al., 2015) . The continuous EEG data were then segmented from − 1250 ms to − 250 ms relative to the onset of each participant's response (i.e., idea generation). For each participant, segments were binned into two categories: control (i.e., C C ) or fixation priming (i.e., C FP ). After artifact rejection, we preserved a mean of 17.8 (SD = 5.98) and 15.20 (SD = 4.43) segments of idea generation per participant for the C C and C FP conditions, respectively. We also segmented the continuous EEG data from 500 ms to 4500 ms relative to the onset of the presentation of the A. Camarda et al. Neuropsychologia 118 (2018) 4-12 fixation cross preceding the first occurrence of each object, which was the baseline period and occurred before each new object. A unique baseline (reference) period per object was recorded. For time-frequency spectral analyses, Morlet wavelet transformations, as implemented in EEGLab (Delorme and Makeig, 2004 ), were applied. Signal power (i.e., the amplitude squared) was computed for frequencies between 8.5 and 12.5 Hz using a constant wavelet parameter of 3 cycles and a .5 Hz frequency step. We focused on the alpha power, as this frequency band is particularly sensitive to creative processes (Benedek et al., 2011) . Changes in cortical activation were defined as the task-related power (TRP) changes between baseline (i.e., fixation cross) and activation (i.e., idea generation) periods for each electrode and condition (Pfurtscheller and Da Silva, 1999) . As the variance of spectral power measures can be stabilized by logarithmic (log) transformations (Halliday et al., 1995) , task-related power at an electrode i was computed by subtracting the log-transformed power during the baseline interval (Pow i, baseline ) from the log-transformed power during the idea generation interval, which was the activation period (Pow i, activation ), according to the formula: TRP (i) = log(Pow i, activation ) -log(Pow i, baseline ) (see Fink et al., 2006; Benedek et al., 2011 Benedek et al., , 2014 . Negative values reflect decreases in power during the idea generation interval compared to the baseline interval (referred to as desynchronization) while positive values reflect increases in power during the idea generation interval (referred to as synchronization; Pfurtscheller and Da Silva, 1999) .
As this study seeks to investigate the temporal dynamics of idea generation at both frontal and temporo-parietal sites, the data were processed as follows: (i) the idea generation interval (i.e., 1000 ms, from −1250 ms to −250 ms preceding the participants' response) was split into 9 time windows of 200 ms each, overlapping by 100 ms; and (ii) the TRP data were aggregated from 4 different subsets of electrode positions as shown in Fig. 2 . Given that previous EEG studies on creative idea generation have supported the hypothesis of the existence of a functional dynamic between prefrontal regions (typically involved in top-down processes such as inhibitory control) and temporo-parietal regions (which are associated with high-level semantic processes) Benedek et al., 2011 Benedek et al., , 2014 Martindale and Hasenfus, 1978) , we have created 4 distinct ROIs to examine how experimental conditions influence the TRP during idea generation. Based on ROIs characterized in previous EEG studies (Benedek et al., 2011; Jauk et al., 2012) , we have determined two frontal regions of interest with 20 electrodes each (see Fig. 2 : 1-left frontal ROI, 2-right frontal) and two temporo-parietal regions of interest with 23 electrodes each (see Fig. 2 : 3-left temporo-parietal ROI, 4-right temporo-parietal ROI).
Statistical analyses
First, to determine whether priming fixation using the presentation of both the name and the classic use of the object before the generation phase reduces fluency and remoteness, we conducted t-tests between the mean scores of fluency and remoteness computed on all the responses provided by the participants in the Fixation Priming condition (C FP ) and the Control condition (C C ). Significance thresholds were set to p < .05. In addition, to examine the neurocognitive processes involved in overcoming functional fixedness during creative idea generation, we conducted analyses of variance on the remoteness scores, considering both the response type (1st response vs. last response provided by the participants) and condition (C C vs. C FP ) as within-subjects factors. We compared remoteness scores on the first response to the ones on the last response because (a) later responses tend to be more creative than earlier ones in divergent thinking tasks (Beaty et al., 2014; Christensen et al., 1957) , and (b) this serial order effect might rely on an increasing demand on executive control during idea generation (Beaty et al., 2014 , Camarda et al., 2017 Zabelina and Robinson, 2010 , see for review Beaty et al., 2016; Cassotti et al., 2016) . For example, Hao et al. (2015) reported that the demand on executive control is higher for the last responses compared to the first ones in a creative task.
Given that previous EEG studies on creative ideation have revealed that the generation of highly original ideas (assessed using a median split based on the originality of the responses given by the participants) are associated with stronger task-related alpha synchronization in the frontal and parietal brain regions Fink et al., 2006) , we used a median split to divide the sample in two groups. Participants with high remoteness scores (n = 10; M = 3.0, SD = .27) were compared to participants with low remoteness ones (n = 11; M = 2.08, SD = .38; t(1, 19) = 5.99, p < .001). It should be noted that the task-related power (TRP) was obtained by using all the responses given by the participants. Then, we conducted an ANOVA on TRP considering Condition (C C vs. C FP ), ROI (frontal vs. temporo-parietal), Laterality (right vs. left) and Time Window (see Fig. 4 ) as within-subjects factors and Remoteness (participants with high remoteness vs. participants with low remoteness scores) as a between-subjects factor. For all ANOVAs, Mauchly test of sphericity was applied. When sphericity assumption was violated, we used a Greenhouse-Geisser correction. We used partial eta squared (η p 2) to assess the effect size.
Results
Behavioral results
A t-test did not reveal a significant difference between the average number of responses given in the control condition (MC C = 5.57, SD = 2.32) and in the fixation priming condition (MC FP = 5.29, SD = 2.31; t (20) = 1.22, p = .23, d = .12). Similar results were obtained for the remoteness scores (t(20) < 1).
We conducted a repeated-measures ANOVA on the remoteness scores (i.e., distance to fixation) considering both the response type (1st response vs. last response provided by the participants) and condition (C C vs. C FP ) as within-subjects factors. We found a significant main effect of the response type, with the distance to fixation being higher for the last response than for the first one (F(1, 20) To investigate the extent to which creative performances were related to inhibitory control, we conducted a correlation analysis to test the relation between AU remoteness scores and measures obtained from the Hayling Sentence Completion Test (i.e., RTs and scores). While the correlation between AU remoteness scores and Hayling scores was marginally significant (r = .44, p = .056), we found a significant correlation between the remoteness scores in the AU task and RTs (r = .61, p < .01; see Fig. 3 ), suggesting that the ability to generate creative ideas might be related in part to the inhibition of semantically irrelevant information.
Electrophysiological results
We conducted an ANOVA on TRP considering Condition (C C vs. C FP ), ROI (frontal vs. temporo-parietal), Laterality (right vs. left) and Time Window as within-subjects factors and remoteness (participants with high remoteness vs. participants with low remoteness scores) as a between-subjects factor. 1 We found significant main effects of the following: (i) ROI, with the alpha synchronization being larger in the frontal region than in the temporo-parietal one (F(1, 19) = 7.88, p = .01, η p 2 = .29); (ii) laterality, with the alpha synchronization being larger in the right hemisphere than in the left one (F(1, 19) = 33,67, p < .001, η p 2 = .64); (iii) time window, with the alpha TRP showing a progressive desynchronization over the analysis window (i.e., 1000 ms; F(8, 152) = 4.34, p < .001, η p 2 = .19); and (iv) remoteness, with the participants with high remoteness scores showing a larger alpha synchronization than participants with low remoteness scores (F(1, 19) = 6.21, p = .02, η p 2 = .24). However, no significant main effect of the condition was observed (F(1, 19) = .56, p = .46, η p 2 = .02). We also found a significant Condition x ROI x Time Window x Remoteness interaction (F(8, 152) = 2.15, p = .03, η p 2 = .10; see Fig. 4 ).
2
To quantify this interaction, we conducted linear and quadratic trend analyses on the different time windows for each condition (C C vs. C FP ) and ROI (frontal vs. temporo-parietal).
In the C C condition, participants with high remoteness scores showed a progressive decrease in frontal alpha TRP over the analysis window as revealed by a significant linear trend (F(1, 19) = 10.11, p = .005), while no signal decrease following either a linear (F(1, 19) < 1, p = .86) or a quadratic (F(1, 19) = 1.54, p = .24) trend was observed for participants with high remoteness scores. Participants with high remoteness scores showed an alpha synchronization along different time windows. Similarly, participants with high remoteness scores did not show desynchronization over the different time windows in the temporo-parietal region (F Linear (1, 19) < 1; F quadratic (1, 19) = 2.10, p = .16). However, participants with low remoteness scores showed a marginally linear desynchronization pattern in the temporoparietal region (F(1, 19) = 3.24, p = .08).
Results from the C FP condition did not reveal signal variations following linear trends in the frontal region (F participants with low remoteness (1,19) = 2.62, p = .11; F participants with high remoteness (1, 19) = 2.28, p = .14). However, participants with low remoteness scores showed higher alpha desynchronization in the temporo-parietal region than participants with high remoteness scores (F(1, 19) = 10.63, p = .004). While participants with low remoteness scores showed alpha desynchronization in the temporo-parietal region from the beginning of activation period (F Linear (1, 19) < 1), a linear decrease in the alpha synchronization was observed in participants with high remoteness Fig. 3. (A) Impact of functional fixedness on the remoteness of the first and last answers given in Control and Fixation Priming conditions. (B) Individual mean interference RTs of the Hayling Sentence Completion Test as a function of the individual mean remoteness scores in the AU task. The best-fitting line is depicted in black.
1 Given that some previous EEG studies of creative ideation reported that the upper alpha band is more sensitive to high task demands than the lower alpha band Klimesch et al., 2007) , we included this factor (lower vs. upper alpha band) in the general ANOVA on the TRP. However, the Group x ROI x Condition x Time Window x Alpha band failed to reach significance (F(8, 152) = .29, p = .97, η p 2 = .01).
Critically, results confirmed that findings of both alpha bands are similar with a significant Group x ROI x Condition x Time Window interaction for the upper alpha band (F (8, 152) = 2.10, p = .04, η p 2 = .10) and the lower alpha band band (F(8, 152) = 2.14, p = .04, η p 2 = .10).
2 Given the low sample size, we conducted a mixed-effect regression analysis on TRP using remoteness scores as a continuous variable and considering Condition (CC vs. CFP), ROI (frontal vs. temporo-parietal), Laterality (right vs. left) as within-subjects factors.
Results confirmed a significant Condition x ROI x Remoteness interaction (b = .04; t (144.35) = 2.17, p = .032).
scores (F Linear (1, 19) = 4.33, p = .05).
To better characterize the Condition x ROI x Time Window x Remoteness interaction, we conducted ANOVAs on the TRP for each time windows separately considering Condition (C C vs. C FP ) and ROI (frontal vs. temporo-parietal) as within-subjects factors and Remoteness (participants with high remoteness vs. participants with low remoteness scores) as a between-subjects factor. Results showed that the Condition x ROI x Remoteness interactions were not significant for the four first time windows (all ps > .30). Nevertheless, we found significant Condition x ROI x Remoteness interactions for the fifth (F(1, 19) = 7.86, p = .01, η p 2 = .29), the sixth (F(1, 19) = 12.24, p = .002, η p 2 = .39) and the seventh (F(1, 19) = 5.51, p = .03, η p 2 = .22) time windows. Given that effect size was higher for the sixth time window (−750 to −550 ms), we conducted further post hoc comparisons restricted to this time window. Post hoc comparisons in the frontal ROI confirmed that participants with high remoteness scores showed higher alpha synchronization than participants with low remoteness scores in the C C (F(1, 19) = 4.98, p = .04) but not in the C FP (F(1, 19) < 1). In addition, participants with high remoteness scores showed higher alpha desynchronization in the temporo-parietal ROI than participants with low remoteness scores in the C FP (F(1, 19) = 12.69, p = .002) but not in the C C (F(1, 19) = 2.00, p = .17).
Discussion
The present study aimed to investigate the neural bases of the processes involved in overcoming fixation effects during creative idea generation. Using the AU task adapted for EEG recording, we examined whether participants' ability to provide original ideas was related to alpha power changes in both frontal and temporo-parietal regions. Critically, for half of the objects, the classical use of the object was primed orally, and a picture of the classical use was presented visually to increase functional fixedness (Fixation Priming condition). For the other half, only the name of the object and a picture of the object were provided to the participants (control condition).
As expected, priming the classical use of an object before the generation of creative alternative uses of this object impeded participants' performances in terms of remoteness. Our results are consistent with those obtained in the field of problem solving (Adamson, 1952; Duncker and Lees, 1945; German and Barrett, 2005; German and Defeyter, 2000) and demonstrate that functional fixedness also occurs during the generation of multiple creative ideas. Note that functional fixedness seems to be short-lived in this context given that only the first answer provided by the participants was less remote in the Fixation Priming condition than in the Control condition. These results might also suggest that participants use compensatory strategies to overcome fixation effects during the course of creative idea generation.
Critically, we observed a strong negative correlation between the remoteness scores in the AU task and the interference scores in the Hayling Sentence Completion Test. In line with findings from both behavioral and neuroimaging studies (Beaty et al., 2015; Camarda et al., 2017; Cassotti et al., 2016) , this correlation suggests that the inhibition of automatic close semantic associations might be a core process of creative ideation and critical to the generation of distant semantic associations. Indeed, the Hayling Sentence Completion Test is one of the most commonly used tests to measure inhibitory control ability in neuropsychological assessments (Pérez-Pérez, 2016) . Importantly, this test has been previously associated with an increase in brain activation in regions known to be involved in inhibitory control, such as the inferior frontal gyrus (Collette et al., 2001 ) and the orbitofrontal cortex (Collette et al., 2001; Volle et al., 2012) . However, it should be noted that this task might involve other processes critical for creative ideation. In particular, the Hayling Sentence Completion Test also requires the generation of remote (but unrelated) semantic associations. Thus, further EEG studies are needed to disentangle the respective contributions of inhibitory control and semantic associations during the generation of creative ideas using other measurements of inhibitory control, such as the Stroop task (Benedeck et al., 2012) .
Electrophysiological data provide additional support for the involvement of cognitive control in creative idea generation. Consistent with previous studies, we found that task-related alpha power was higher for participants with high remoteness scores than for participants with low remoteness scores (Benedek et al., 2011 Fink et al., 2006) . A fine-grained analysis of frontal and temporo-parietal alpha power revealed different patterns of activity depending on the remoteness score of the participants. While frontal alpha synchronization was maintained across all successive time windows for participants with high remoteness scores, the frontal alpha synchronization decreased in participants with low remoteness scores. Given that alpha synchronization reflects cortical arousal and, in particular, top-down processes that regulate and inhibit bottom-up processes or irrelevant semantic associations (Benedek et al., 2011 Klimesch et al., 2007) , our results further suggest that highly expansive participants might use top-down control and executive processes to generate creative ideas, which is in line with findings from previous studies (Benedek et al., 2011 Cassotti et al., 2016; Kleibeuker et al., 2016) .
As opposed to what we observed in the control condition, in the Fixation Priming condition, in which functional fixedness was maximal, both participants with high and low remoteness scores maintained frontal alpha synchronization throughout the period preceding their answer. This result suggests that participants might rely on top-down control to overcome fixation when functional fixedness increases regardless of their remoteness level (Benedek et al., 2011 Beaty et al., 2014 Beaty et al., , 2016 . Thus, differences in remoteness levels in this specific context are not rooted in differences in top-down processes recruitment and maintenance per se. We did, however, observe that participants with high and low remoteness scores displayed different patterns of alpha power within the temporo-parietal regions in the Fixation Priming condition. Whereas participants with high remoteness scores maintained alpha synchronization in the temporo-parietal regions throughout the creative idea generation period, participants with low remoteness scores displayed alpha desynchronization in the same regions during this period. In light of the fact that alpha synchronization and desynchronization in the temporo-parietal regions reflect, respectively, high-level internal processes leading to the combination of distant semantic elements and bottom-up processes leading to semantic associations based on environmental cues (Benedek et al., 2011; Fink et al., 2006 Fink et al., , 2009 Von Stein and Sarnthein, 2000) , we suspect that participants with high remoteness scores might generate more creative ideas than participants with low remoteness scores because they rely more on internal semantic associations and selection processes.
Some limitations of this study should be acknowledged. First, even though we used a paradigm adapted for EEG recording (Fink et al., 2006) , participants were only asked to complete the Alternative Uses Task. However, previous studies have revealed that task-related alpha power can be modulated by the nature of the creative task proposed to the participants (e.g., Benedek et al., 2012 Benedek et al., , 2014 . Thus, further studies are required to determine whether the results observed in the present study can be generalized to other contexts inducing fixation effects. (Adamson, 1952; Duncker and Lees, 1945; Agogué et al., 2014b Agogué et al., , 2014a . In addition, alpha synchronization in the frontal regions might reflect not only cognitive control over prepotent responses (here, inhibitory control of the classical use of an object) but also other executive functions such as working memory or flexibility. Note, however, that one study demonstrated that depleting cognitive control but not working memory affected the ability to generate creative ideas (Camarda et al., 2017) . In light of this finding and findings from numerous studies showing that cognitive control is the core mechanism allowing one to overcome bias in reasoning Borst, 2014, 2015) , we are confident that frontal alpha synchronization in our study reflected the recruitment of cognitive control.
Several previous EEG studies of creative ideation have reported that the upper alpha band is more sensitive to high task demands than the lower alpha band Klimesch et al., 2007) . Nevertheless, a difference between the upper and lower alpha bands was not observed in the present study. Although this result is in line with a recent EEG investigation reporting similar patterns of alpha synchronization between the lower and upper alpha bands when the need for internal processing (high vs low) was systematically manipulated (Benedek et al., 2011) , further research is required to clarify the reason for these discrepancies.
To conclude, our study is the first to investigate the neural bases of the processes involved in overcoming fixation effects during the generation of creative ideas. Our findings provide additional evidence for the role of cognitive control in creative ideation while suggesting that cognitive control is not enough to generate new ideas. Indeed, in a context in which functional fixedness is maximal (by priming the typical use of an object), the ability to generate creative ideas is related to cognitive control and the strategies used to create new semantic associations -i.e., participants who were better at creating distant semantic associations were those who used strategies relying on high-level internal processes to combine distant elements. Although the present study did not aim at investigating the relationship between fluid intelligence, creative ideation and inhibitory control, it would be interesting, in regard to the emergent literature on this topic (Beaty et al., 2014; Benedek et al., 2012; Vartanian, 2009) , to examine how these factors each contribute to creative performance, the ability to overcome fixation effects and alpha-power-related changes in both frontal and temporo-parietal regions.
